Abstract. To smooth lung boundary segmented by gray-level processing in chest CT images, we propose a new method using scan line search. Our method consists of three main steps. First, lung boundary is extracted by our automatic segmentation method. Second, segmented lung contour is smoothed in each axial CT slice. Scan line search is proposed to track the points on lung contour and find rapidly changing curvature without conventional contour tracking. 2D closing in axial CT slice is applied to reduce the number of rapidly changing curvature points. Finally, to provide consistent appearance between lung contours in neighboring axial slices, 2D closing in coronal CT slice is applied within pre-defined subvolume. Experimental results show that the smoothness of lung contour considerably increased after applying proposed method.
Introduction
Recently, high-resolution X-ray computed tomography (CT) images provide us a detailed abnormal area, and they are increasingly used for applications such as lung nodule detection, lung motion analysis. A critical first step in these applications is the automatic lung segmentation. To separate low density lung regions from the denser surrounding anatomy in chest CT images, most of methods use the difference in gray-level value of pixels [1, 2, 3] . In gray-level based method, radiodense pulmonary vessels near mediastinum and pleural nodules that contact with the surrounding anatomy, as shown in Fig. 1(a) and (b), are excluded from the segmentation result. This can bring about indentations on segmented lung regions. On the other hand, gray-level based method can include mainstem bronchi into the lung regions because of partial volume effect, as shown in Fig. 1(c) . This may not be consistent across slices and therefore causes the lung boundary to have an irregular appearance, especially in coronal and sagittal views [4] . To remove indentations and salience caused by gray-level based method and obtain consistent appearance across slices, smoothing the lung boundary is required after segmentation. Several approaches have been suggested for smoothing lung boundary in chest CT images. To compensate the lost pleural nodules, Kanazawa [5] and Ko [6] utilized curvature of points on the initial lung contour. Curvature-based method replaces the contour with rapidly changing curvature using a straight line. To calculate the curvature, however, time-consuming contour tracking is required. Armato [2] rectified indentations that corresponds to pleural nodules by rolling a ball along the lung contour. If the ball overlaps the contour at two contour pixels, linear interpolation is used to identify new contour pixels. However, balls of different radius have to be applied in succession to remove concavities of different dimensions. Shen [7] proposed an algorithm for surface smoothing within a volume of interest (VOI). To segment the pleural lung nodules from the VOI, position and orientation of each point on lung surfaces are transformed into intensity value of 2D image, and then high intensity region which corresponds to nodule is eliminated from this image. This algorithm requires user manipulation for VOI selection and is suitable only for local surface smoothing. For 3D smoothing of the lung surfaces near mediastinum, Ukil [4] performed 3D morphological closing with an ellipsoidal mask using information from the segmented airway tree. Even though this method gives well-smoothed lung surfaces, it requires too excessive time about 5-6 minutes for 3D smoothing of datasets with 300-600 image slices.
To deal with the above limitations, we propose a new method for smoothing segmented lung boundary in chest CT images through scan line search. To track the contour points and find rapidly changing curvature efficiently, we search for intersection points between scan lines and lung contour. To reduce the number of high curvature point, we apply 2D closing in axial slice, as a pre-processing step. For consistent appearance between lung contours in neighboring axial slices, we apply 2D closing in coronal slice. In order not to distort the lung contour away from mediastinum, this operation is performed within predefined subvolume near mediastinum.
Methods
The proposed method for smoothing lung boundary is outlined in Fig. 2 . Our method consists of three main steps: lung segmentation, smoothing in axial slice and subvolume smoothing in coronal slice. 
Lung Segmentation
The lung boundary is extracted by our automatic segmentation method [3] , which is based on density and morphology information in chest CT images. To extract left and right lungs, we use the inverse operation of 2D region growing (2D iRG) that segments the thorax from the background and then the lungs from the thorax. Since the density of bronchus is similar to that of the lungs in CT images, the lungs segmented by 2D iRG still contain the bronchus.
To delineate the bronchus from the lungs, we first extract bronchus and then subtract the result from the segmentation result of bronchus and lungs in voxel-by-voxel manner. To segment bronchus without leakage into lung parenchyma, we use our 3D branch-based region growing [8] that changes the growing condition according to morphology of bronchus. This method differentiates trachea from left and right bronchi based on branch bifurcation and applies different threshold values. For trachea, 3D region growing uses the threshold value determined by optimal thresholding [9] . Fig. 3 shows the process of region growing. Region grows from seed point until bifurcation is found. To detect bifurcation, we perform 3D connected component labeling with 26-connectivity to the grown region in every step and adopt the location where the number of connected component becomes two. For left and right mainstem bronchi, we calculate a new threshold value μ − hσ where μ and σ is respectively mean and standard deviation of gray-level values of voxels that corresponds to trachea and h is a parameter that controls the ease of region growing. To increase robustness of bronchus extraction, we apply additional processing such as median filtering and morphological operations. 
Smoothing in Axial Slice
Since the lung segmentation entirely removes trachea and mainstem bronchi, inconsistent extraction of bronchus across slices can be solved. However, concavities from pleural nodules and pulmonary vessels are still remained. For smoothing the segmented lung contour, curvature-based method is commonly used [5, 6] . This method assumes that a rapid change in curvature at points on the lung contour indicates a nodule, large vessel or bronchus, and corrects the lung contour by inserting a border segment. To calculate the curvature of a point, we have to know the previous and next point on lung contour, and therefore contour tracking is required, which takes excessive processing time. To smooth segmented lung contour based on curvature without this time-consuming process, we propose smoothing in axial slice through scan line search.
Smoothing in axial slice tracks the points on lung contour using scan line search, and fills out unwanted cavities by connecting high curvature points. For each lung, we first search for intersection points between scan lines and lung contour by scanning each 2D axial CT slice in horizontal direction at fixed intervals, as shown in Fig. 4(a) Fig. 4(b) , we can calculate the curvature of point on a scan line. As the scan line interval becomes shorter, we can get more accurate curvature. The scan line interval is experimentally set to 4 pixels. Based on this approximation, we calculate the curvature of the first and last intersection point in each scan line using Eq. (1).
where κ i is the curvature and (x i , y i ) is the coordinates of I i (x, y). To calculate the curvature of the first intersection point of i th scan line, I (x, y). After calculating the curvature of intersection points, we adopt high curvature points as feature points. We determine the curvature is high when its absolute value is larger than 0.2. All middle intersection points are also added to feature points to improve accuracy of the above approximation.
The number of feature points detected from left and right lungs is 41 per axial slice, on average. To reduce the number of feature points, we apply 2D closing operation with 3 × 3 mask to each slice, as a pre-processing step. In order to distort lung contour as little as possible, the iteration number is experimentally set to 2. As a result, many concave indentations near mediastinum become gentle and the number of feature points per slice is reduced to 35.
After finding feature points through curvature calculation, we connect all different feature points by linear interpolation when the distance between two points is in the pre-defined range. Experimentally, this range is set from 3 to 40 pixels. The regions that are encompassed by connecting lines are filled by 2D region growing.
Subvolume Smoothing in Coronal Slice
In smoothing in axial slice, detected feature points and smoothed regions are different across slices. For this reason, smoothed lung contour in one slice can be inconsistent with that of neighboring slice. In coronal or sagittal view, rugged boundary still remains. To solve this problem, we apply 2D closing operation in coronal slice with 3 × 3 cross mask.
Closing consists of dilation followed by erosion. For 2D dilation operation with 3 × 3 cross mask, we perform 2D convolution with 3 × 3 cross mask and maximum filtering. For 2D erosion operation, 2D convolution is followed by minimum filtering. Fig. 5 shows the process of 2D dilation operation with 3 × 3 cross mask. We first convolve the input image with cross mask, and apply gray-level thresholding to convolved image with threshold 30, as shown in Fig.  5(a) and (b) . Maximum filtering with 3 × 3 mask sets each pixel in Fig. 5(c) as the maximum value among all the pixel values of thresholded image in the neighborhood of size 3 × 3.
2D closing operation with 3 × 3 cross mask can lead to smooth lung contour in coronal slice while applying the operation with 3 × 3 mask iteratively can cause jagged lung contour. To avoid unwanted distortion of lung contour, closing operation is applied only within pre-defined subvolume near mediastinum. Fig.  6(a) shows the subvolume, which is in the range of 0.4 × width < x < 0.7 × width, 0.4 × height < y < 0.7 × height, 0.4 × depth < z < 0.8 × depth. Fig.  6 (b) and (c) shows the effect of subvolume smoothing in coronal slice. After subvolume smoothing in coronal slice, inconsistency across axial slices is much reduced.
(a) (b) (c) Fig. 6 . Subvolume smoothing in coronal slice: (a) the range of subvolume, (b) the result before subvolume smoothing in coronal slice, (c) the result after subvolume smoothing in coronal slice
Experimental Results
All our implementation and test were performed on an Intel Pentium 4 PC containing 2.5 GHz CPU and 2.0 GB of main memory. Our method has been applied to six patients with pulmonary nodule of 16-channel chest CT scans whose properties are described in Table 1 . The CT images were obtained with LightSpeed Ultra (GE Healthcare) and Sensation16 (Siemens) multi-detector row CT scanner. Experimental dataset contains 222-446 slices with a slice thickness of 0.75-1.25 mm and a reconstruction size of 512 × 512 pixels. Fig. 7 shows the lung contours smoothed by proposed method in axial and coronal CT slices. In Fig. 7(b) and (e), lung nodules and pulmonary vessels are excluded from the lung contours. The result in Fig. 7(c) and (f) shows that our smoothing algorithm compensates for these lost parts. Fig. 7 . The result of smoothing: (a) original axial CT slice, (b) automatic segmentation of (a) by [3] , (c) smoothing of (b) by proposed method, (d) original coronal CT slice, (e) automatic segmentation of (d) by [3] , (f) smoothing of (e) by proposed method To evaluate the accuracy of segmented lung contour, we calculated the average of absolute value of curvature over mediastinal axial slices before and after smoothing. For this evaluation, we tracked the contour using chain code [10] , which first picks a starting pixel and finds the next pixel on lung contour by searching the eight directions surrounding the current pixel. The value calculated before and after smoothing was 0.0496 and 0.0371, respectively. This result shows that the smoothness of lung contour considerably increased after smoothing.
Processing time for smoothing segmented lung boundary was measured from 6 patient datasets. Total processing time was 5.62 seconds on average, as shown in Fig. 9 . For smoothing in axial slice and subvolume smoothing in coronal slice, 3.62 and 2.0 seconds were required, respectively. To prove efficiency of proposed scan line search, we compared the contour tracking time between our method and conventional contour tracking technique. For conventional method, we implemented contour tracking using chain code. From 6 patient datasets, the average contour tracking time of conventional method was 1.281 seconds. On the other hand, the average time needed for scan line search was 0.286 seconds. 
Conclusion
We have developed a new method for smoothing segmented lung boundary in chest CT images. Using scan line search and curvature calculation, we can smooth lung boundary identified by our automatic segmentation method. Scan line search allows us to track the points and find rapidly changing curvature on lung contour efficiently. 2D closing in axial slice can reduce the number of rapidly changing curvature points. Subvolume smoothing in coronal slice provides consistent appearance between lung contours in neighboring axial slices. Six patient datasets with lung nodules have been used for the performance evaluation with the aspects of visual inspection, accuracy and processing time. The results of our method show that the smoothness of lung contour considerably increased by compensating for pulmonary vessels near mediastinum and pleural nodules. Proposed method have been successfully used for lung nodule matching [11, 12] and can be used for quantitative evaluation such as measurement of nodule growth rate.
